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Inelastic neutron scattering measurements have been performed $n 12 quasi-one-dimensional system
Sri1a4Y xCu,,0,41, Which has both simple chains and two-leg ladders of copper ions. Strong magnetic inelastic
peaks, which originate from the simple chains, have been observed at 9-14 meMGn,3D,,. These spin
gaps have been confirmed to originate from a dimerized state of the chain. The dimers are formed between
spins which are separated by 2 and 4 times the distance between the nearest-neighbor copper ions in the simple
chain. In addition, a weaker magnetic inelastic peak around 11 meV, which originates from a dimerized state
in the ladder, has also been observed. These dimers are formed between the nearest-neighbor copper ions
which are connected by the interladder coupling. We have also studied the effect'osibstitution for
Sr2* site on the dimerized states. It was found that the yttrium substitution suppresses the gap energies
drastically. Possible origins of the dimerized ground state and the excitations are discussed.
[S0163-182696)05041-7

[. INTRODUCTION crystal of SrCuQ, compound that actually formed was
Sr;4Cu,,0,4;. This material itself has a unique structdré,

A singlet ground state is sometimes realized in interactingvhich contains both simple chains and two-leg ladder chains,
magnetic systems because of novel quantum phenomengnd shows interesting magnetic properties. We have already
One-dimensional1D) systems with antiferromagnetic inter- reported the results of magnetic susceptibility and electron
actions are well known to exhibit new types of singlet SPin resonanc¢éESR measurements, which show the ex-
ground states. For example, in the Haldane sybteith spin  istence of a dimerized state in this compound. Itis interesting
S=1, the ground state is a singlet which is called thet0 clarify the microscopic nature of the dimerized state by
valence-bond-solidVBS) state? Singlet ground states have N€Utron scattering technique. . .
also been observed i8=1/2 antiferromagnetically coupled " this paper, we report the results of inelastic neutron
chains(two-leg ladderssuch as inVO ,)P,0- (Ref. 3 and scattering measurements on ti8=1/2 quasi-1D syst'err']
in SrCu,03.* The spin-Peierls mechanism also gives a sin-Sr14-xY xCU24041. We have observed strong magnetic in-

glet ground statéa dimerized stajein a 1D Heisenberg an- re;St'eC gp_eff%\év\r}'?: grlcghnatoe fro[ph;he;:haelrr:érlniér;ecg?rzr_gy
tiferromagnet, where the driving force is a structural distor- o2 Wolzd s gap 9

. S . . ) spond to those estimated from the magnetic susceptibilit
tion which is caused by the spin-lattice coupling. However, b 9 P y

) ) " %nd ESR measuremerifsThe spin gaps have been con-
recent theory discussed the importance of the competingfimeq to originate from a dimerized state. The dimers are

exchange interactions on the spin-Peierls transition found iRy med between spins which are separated by 2 and 4 times
CuGeO,.° Another interesting singlet ground state in anthe distance between the nearest-neighbor copper ions in the
S=1/2 1D magnet was predicted theoretically over 25 yearghain. In addition, a weaker magnetic inelastic peak around
ago by Majumdar and Godtand later by Haldan.This 11 meV, which originates from a dimerized state in the lad-
(dimerized singlet state is distinguishable from the oneder, has also been observed. The dimers are formed between
found in a spin-Peierls system in that it is not associated withhe nearest-neighbor copper ions which are connected by the
a lattice distortion. The spontaneously dimerized state can bigterladder coupling. We have also studied the effect of
viewed as a superposition of the two states with two neigh¥ 3* substitution for S#* site on the dimerized states. It has
boring spins: One spin forms a dimer with the spin on itsbeen found that the yttrium substitution suppresses the gap
right and the other with the spin on its left. energies drastically.

Sr14Cu,,0,q is one of the three stable phases of the
Sr-Cu-O system which can be synthesized under ambient Il. PRELIMINARY DETAILS
pressure. The other two stable phases argC80; which
has simple chains of Cu ions and SrCu®hich has zigzag The structure of SpCu,,0,4, (Refs. 9 and 1pconsists of
chains of Cu ions. While we attempted to grow a singletwo unique subcells as is shown in Figall One is chains of
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chain subcelAmma a=11.456 A, b=13.361 A,

c=2.749 A;

ladder subcelEmmm a=11.462 A, b=13.376 A,

c=3.931 A;

universal cellPcc2, a=11.459 A, b=13.368 A,

c=27.501 A

We define the Miller index along thedirection of the chain

as Lcpair=27/Cenain @nd the ladder as | qge= 27/ Cladder-
* ..... These are sufficiently different so that by a judicious choice
Ciadder of L, one can separate the effects of the chain and the ladder.
f It is noted that the valence state of copper ions in the
— A stoichiometric S{,Cu,,04, is +2.25 if one assumes only

the valence of Cu changes. It has been reported that there

(o) () exists excess strontium in Su,4,0,4; (Xx=14.79 (Ref. 9
and oxygen deficiency in (Srg4Cagg) 14CU0y
(y=40.07.% If these values are taken into account, the va-

FIG. 1. (a) shows the crystal structure of €U, viewed lence statg of.the copper ions become®.11 or 'the hole
along thec axis. Solid, open, and shaded circles represent coppeffoncentration is 0.07 per oxygen. The hole carriers are con-
oxygen, and strontium atoms, respectivq]b) and (C) show the sidered to be localized because the Compound IS h|gh|y
chain and the ladder of copper ions in;&u,,0,4,, respectively. insulating9'l4 The trivalent yttrium substitution for divalent
Solid circles represent copper atoms and open circles oxygen atomtrontium is expected to decrease hole carriers. This is con-
The dashed rectangles represent the universal unit cell it0g@®  Sistent with the result of transport measurements which
crystallographic plane. Her€g,i, and C,qqer represent the lattice  shows that lanthanide doping makes the material more insu-
constantc for the subcells which contain the chain and the ladder lating. The lanthanide substitution also affects the crystal
respectively. structure'® Adjacent chains in Y-doped $Cu,40,; are ex-

actly staggered as in §EagCu,,0 4, structure’ whereas the

copper ions which are coupled by the nearly 90° Cu-O-cfhains pf S§4Cu2404% are slightly shifted al_ternately_alc_)ng
bonds shown in Fig. (b). The other is two-leg ladders of thec axis, as shown in Fig.(b). The lanthanide substitution
copper ions, shown in Fig.(d), which are coupled by the also causes small distortion to both the chain and the ladder.

o LA The results of magnetic susceptibility measurements on
nearly 180° Cu-O-Cu bonds along tlaeand c axes. Each Sr..ClpO 41 have shown a broad peak below 100315

:ﬁ?drer tlisnc%u;z\lsd rt:ytr:hel ndedarlry ?O Cnulé)rClé tEOHSS'n;rhegigure 2 shows the temperature dependence of magnetic sus-
eraction betwee € lacders 1S considered o beé muc eptibility parallel to thec axis in a single crystal of

weaker than that within the ladd&rEach chain and Sr ions Sr14Cu24O41.11 The susceptibility decreases with increasing

form layered structure in thac plane and stack alternately temperature and shows a minimum around 20 K and a broad
along theb axis. The lattice constantsandb are similar in peak around 80 K. The dashed line in Fig. 2 shows the sus-
both subcells. On the other hand, the lattice constar®  ceptibility after the Curie-Weiss term, which comes from
much different and has the relation 8chai= 7XCiadden  paramagnetic impurities, was subtracted. The susceptibility
Wherecnqin @andciggqerrepresent the lattice constamfor the  pecomes almost zero below 20 K. As is discussed by Mat-
subcell which contains the chain and the ladder, respectivelguda and Katsumata,the nearly 180° Cu-O bond length
This means that there are universal large unit cell which(1.90 A perpendicular to the ladder and 1.97 A along the
contains ten subcells of the chain and seven subcells of tHadde) of the two-leg ladders in S5Cu,,0,; is close to the
ladder along the direction. The space group and the lattice corresponding value in SrtG@; (1.93 A perpendicular to
constants of the two subcells and universal celf are the ladder and 1.97 A along the ladg& Then it is natural

—t-— g

chain
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i Sr2*. This substitution effect on the lattice constants is simi-
0 sr,,Cu,, O,, lar to that in(Sr,C8 14Cu»O4;.°
e — The inelastic neutron scattering experiments were carried
i ; out on the H7 and H8 triple-axis spectrometers at the High
L ]
L

H/ c-axis | Flux Beam Reactor at the Brookhaven National Laboratory.
For most of the experiments the horizontal collimator se-
quence was 4040'-S-40-80'. The final neutron energy was
fixed at Ef=14.7 meV. Pyrolytic graphite single crystals
were used as monochromator and analyzer; contamination
from the higher-order beam was effectively eliminated using
a pyrolytic graphite filter after the sample. The single crystal
and powder samples were mounted in closed-cycle refrigera-
tors which allowed us to perform the measurements over a
wide temperature range 8—300 K. The experiments for scat-
tering in both the §§,0,1) and (0k,l) zones were performed
on the single crystal. From the experiments in these two
configurations, we were able to obtain the full information
on the energy-versus-momentumw-( dispersion relation
parallel and perpendicular to the chain and the two-leg ladder
. ... . direction. As we described in Sec. Il, there are three different

FIG. 2. Temperature dependence of magnetic susceptibility with . . .

o o : values for the lattice constant In order to avoid confusion,

the external magnetic field parallel to theaxis in a single crystal

of Sr,,Cu,,0.;. The solid circles represent the observed data. The''© will basically uSeCiagqerto express Miller indices. There-

dotted line represents the susceptibility after the Curie-Weiss teriP’e: L'ad,def:ZW/C'addefcorreSpondS to the Miller index al_ong
was subtracted. the ¢ axis of the ladder andl .4y =27/Ccnain= 1.4 jaqder IS

the Miller index along the chain.

% (emu/ Cu mol)
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to assume that the gap energy of the ladder in&u,,0 44

is close to that of SrCy04 (420 K from susceptibility mea-

surements and 680 K from NMR measurem@nthis IV. MAGNETIC EXCITATIONS
means that the ladder in §Cu,404; has a singlet ground A. Single crystal of Sr;,CU 04,
state with a fairly large gap and that the magnetic suscepti- o ) _ .
bility from the ladder is very small below room temperature. e show in Fig. 3 inelastic neutron scattering spectra at
Therefore, the susceptibility shown in Fig. 2 suggests thaf —8-5 K at(0,0,1, (0,0,1.3, and(0,3,-0.25) in a single

there is a spin gap originating from the chain in this com-crystal of Sk,Cuy,04;. As discussed below, the measure-
pound. ments nea(0,0,1) correspond to excitations of the ladder and

those for smalL (L<0.5) are most likely due to the excita-
tions in the chain. The solid lines are the results of fits to a
single Gaussian fof0,0,) and(0,0,1.1 and two Gaussians
The single crystals of S5Cu,404; were grown using a for (0,3,—0.25). Two sharp, intense inelastic peaks are ob-
traveling solvent floating zon@ SF2) method at 3 bars oxy- served at(0,3,—0.25), whereas a rather weak inelastic peak
gen atmosphere. The dimension of the cylindrically shapeds observed af0,0,1) and(0,0,1.1. The linewidth at(0,0,1)
crystal used in the experiments is abouk55 X 30 mm°. is broader than that 40,0,1.1, where the linewidth is simi-
The effective mosaic of the single crystal is less than 0.49ar to those a(0,3,—0.25). This is due to the spectrometer
with the spectrometer condition as is described below. Theesolution, since one can expect the focusing effect when the
powder samples of $5_,Y ,Cu,404; (x =0, 1, and 3were  resolution ellipsoid is parallel to the dispersion curve. The
prepared by firing stoichiometric ratio of SrGd99.99%, intrinsic linewidth of the inelastic peaks we observed here is
Y ,03 (99.99%, and Cu0(99.99% at 980 °C for 30 hinair almost resolution limited[calculated energy resolution
with intermittent regrinding. Powder x-ray diffraction experi- AE=1.7 meV full width at half maximum{FWHM) at 10
ments were performed to check that the reaction was conmeV]. This focusing effect is the reason we performed the
plete. We observed a XCu,0s phase wherx exceeds 6. constantQ scan at(0,3,—0.25), not at(0,3,0.25.
We used a similar volume~7 cn?) of the powder samples Figure 4 summarizes the results of the inelastic
to perform inelastic neutron measurements. The nucleaneasurements along the chain and ladder directions in
Bragg scattering intensitiefe.g., (0,4,0 and (0,0, jagqged ~ Sr14CU2404;. We observe a complicated-q dispersion re-
from the three different powder samples are similar within anation. The abscissa shows relative values Lgfjqe, and
error of 10%. The yttrium doping decreases the lattice conkchain- Here, Liaqqer represents the Miller indices reciprocal
stants. Since the structure is layered, it is expected that tHattice units for the ladde27/¢),qqe) @andL chainfor the chain
substitution will directly affect the distance between the lay-(27/cqpn, - EXcitations are found fol|,44e/<0.5 and around
ers along thé axis with little effect ona-c plane parameters L ,gqe=1. AS shown in Figs. 3 and 4, the scattered intensities
which are determined by the copper-oxygen connectivitymeasured fok ,44./<0.5 are greater than that measured near
The lattice constartt is 13.36 A and 13.08 A at 10 K for the L,ygqe=1. The positions where the dispersion curves show
x=0 andx=3 samples, respectively. This is consistent withminima correspond tb ,,;,=1/8 and 1/4 and. ,qqe=1. This
the fact that the ionic radius of ¥ is smaller than that of means that the scattering aroubgye~=21 originates from

[ll. EXPERIMENTAL METHOD
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= L | FIG. 4. The dispersion curves and the integrated intensity over
S — energy as a function df in Sr;,Cu,,04,. Here,L ,qqer Fepresents
7 8 9 101112 13 14 15 the reciprocal lattice unit for the ladder ahg,;, for the chain. The

E (meV) solid lines are guides to the eye. The shaded rectangles mean that
the peak positions are difficult to be determined in these areas.

FIG. 3. Inelastic neutron scattering spectra of,8u,,0,4; at
T=8.5 K observed at0,0,3), (0,0,1.3, and(0,3,—0.25). The solid
lines are the results of fits to single Gaussian €6r0,) and
(0,0,1.2 and two Gaussians faf,3,—0.25).

500 —

the ladder. Combining above fact with the gap energies and
the dispersion relation along tteeandb axes as described
below, one can conclude that the scattering below
L aqge=0.5 originates from the chain. The intensity of the
constantQ scan integrated over energy are also shown in
Fig. 4. The intensity from the chain is about factor of 4
stronger than that from the ladder. The intensity has maxi-
mum aroundL .paii=1/4 andL zgqe=1. As shown in Fig. 4,
the gap energies were observed at 9-13 meV around
Lchainr=21/8 and 1/4 and at 11-14 meV aroubgyge~=1. It is
noted that the gap energies observed ardugg,—1/8 and
1/4 correspond to the gap energy obtained from the suscep-
tibility (~11 me\) and the ESR measurements-10
meV),** which has been explained as originating from the 0
chain.

One puzzling feature is the presence of two excitations
originating from the chain as shown in the spectra of Fig. 3
and the dispersion curve of Fig. 4. The presence of two peaks F|G. 5. Peak intensities @0,K,0.2, (0,K,0.37, and(0K,1) at
could be due to the anisotropy in fluctuations parallel and\e=10, 10, and 11.2 meV, respectively, as a functionKoin
perpendicular to the chain direction or the presence of othesr, ,Cu,,0,,. The solid lines are guides to the eye. Shaded lines in
interactions. More experimental work is required to clarify the inset illustrate the scan trajectories. The background was deter-
their origin. mined by the intensity on either side of the peaks shown in Fig. 3.

400 |
300 |
200 |

100 |

Intensity (counts / 8min.)
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FIG. 6. Temperature dependence of the intensities measured § 100 [ % A=10meV
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2 50 -
Figure 5 shows peak intensities alor(§,K,0.2, (O, 4 [ %} %;,
K,0.37, and (0,K,1) as a function ofK. The intensities g [ i
gradually decrease #sis increased. This means that there is £ 0
; ; : A 0 20 40 60 80 100
little dispersion along thé direction and that th€ depen- Temperature (K)

dence of the intensities follows the magnetic form factor. We
have confirmed that there is no dispersion alongahend FIG. 7. Temperature dependence of the peak intensities at

b axes for the scattering from the chain, and no dispersion@l 0,1 measured with 9.8 meV and 8,0,0.35 with 12.2 meV in

along theb axis and a weak dispersion along thexis for gy cy,,0,,. The solid lines are the results of fits to H8) with
the scattering from the ladder. The dispersion curve along =19 mev.

(H,0,1) direction has a maximum around 11 meV at even

H and a minimum around 10 meV at otitl These suggest gpserved between 10 and 14 meV in #¥0 sample. This is

that the scattering from the chain is purely one dimensiona¢qngistent with thes-q dispersion relation of the single crys-
and that the scattering from the ladder shows spin correlag| as shown in Fig. 4.

tions along thea andc axes. The dispersion relation is con-  The constants scan withw=11 meV atT=10 K in
si_stent with that expected from the structures as shown i@f14CUz4O41 powder sample is shown in Fig. 9. The inten-
Figs. 1(b) and o). sity decreases gradually with increasi@glt is expected that
The temperature dependence of the consfastan atthe  hare s peak in intensity at th@ position which corre-
ladder position(0,0,1 is shown in Fig. 6. The intensity de- ghonds to the distance between the coupled moments. We
creases with increasing temperature. The linewidth as well 8s,,1d not reach thi€ position because momentum and en-
the gap energy is almost temperature independent. We oRqy conservation cannot be satisfied at IQwat energy
served the similar temperature dependence for the constanansfer of 11 meV with the spectrometer configuration de-
Q scans measured at differeQt positions. The peak inten- gripeq in Sec. IIl. As shown in the inset of Fig. 9, the con-
sities at(1,0,2) measured at 9.8 meV and(@0,0.35 at 12.2 tribution from the ladder is superposed abaye-1.6 AL,
meV are plotted against temperature in Fig. 7. The scattering,i-p, corresponds to ct. However, we did not observe
at (1,0,] originates from the ladders and the scattering at,omaly around)=1.6 A~L. This is because the scattering
(3,0,0.35 from the chains. Both of them have a similar tem- g0 the |adder is rather small compared to that from the

perature dependence. They are almost constant beBWK — oain and the spectrometer resolution function may broaden

and decrease gradually with increasing temperature. Thlfhe small anomaly. The dependence of the magnetic scat-

characteristic temperature dependence identifies the eXCit?éring intensity in arS=1/2 noninteracting dimer systéfis
tions as magnetic and not phonons. given by

B. Polycrystalline sample sinQR
of Sris«Y«CupOy4 (x =0, 1, and 3 |(Q)°<F2(Q)( 1— _) 1)

R
We show in Fig. 8 inelastic neutron scattering spectra at °
Q=1.12 A~ measured af =10 K in the powder samples of whereF(Q) is the magnetic form factor of G andR is
Sria_,Y «Cu,404; (x=0, 1, and 3. It is noted that the mag- the separation between the spins which form the dimers. The
netic contribution comes only from the chain @=1.12 dashed and dotted lines in Fig. 9 show the calculated values
A~ which corresponds to Oc7. This is schematically il- from Eq. (1) with R=4Cg,i, and Cpaqger rESPECtively. We
lustrated in the inset of Fig. 9. A flat-topped inelastic peak isfixed the ratio of the intensity from the chaih{y;) to that



12 204 M. MATSUDA et al. 54

Sr,,.Y,Cu,, 0, powder sr,,Cu, O,
14 7meVE 40' 40' 40' 80' E = 11meV T=10K
500 — —— 1000-“,-.----.%----
Q 1.124" ] —_ powder
400 - T=10K ] £ i
{'{@{'é E 800 |
~ 300 ¢ - 2
c : ]
£ 1 x=0 ] £ 600
© 200 | L] ¢ ] 5 i
- [ @ @ ) ] ] L
o P e o %% % ] 2
£ 100} o**%e ] S 0|
3 N ] 7
[} i I
3 0 ] 1 ] E 200
E -
2500 ) g
2 ] 0 L |
2 400f . 0 2 3
£ [ ] QA"
[ ] L 1 ! 1
300 5 x=1 1 0 05 1.0 15
[ ] r.l.u.
200 [ (1')@@@ %§§§§§§§ ] ladder( )
[ paddob 0 GO0 . D 1
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C ] figurations in the(100) crystallographic plane. The shaded lines
otL C L M T represent the 1D magnetic Bragg planes. The solid half-circles rep-
0 5 10 15 resent assemblies of the scattering vectors \@ithl A1 and 2

E (meV) A~ The dashed and dotted lines represent the calculated values
from Eq. (1) with R=4C i, @andCiaqqer respectively. The solid line
FIG. 8. The constan® scans atQ=1.12 A~! measured at represents the sum of the two lines and the background.
T=10 K in the powder samples of gr ,Y ,Cu,,04, (x=0, 1, and
3).

S(hw—A), 2

o(w)x

1
1+3exp —A/kgT)
from the ladder (aqge) @S| chaid! ladde=4, Which is the case
in the single-crystal experiments as mentioned above. TheshereA is the energy gap between the ground and excited
solid line represents the sum of the two lines and the backstates andg is Boltzmann’s constant. The solid lines in Fig.
ground. This simple approximation seems to reproduce th& show the calculated values from Eg) with A=10 meV.
experimental results rather well. In fact, this data yielded usThis simple approximation reproduces the experimental re-
valuable information as to the presence of excitations fronsults at low temperatures. However, the observed values de-
the chains. crease more rapidly with increasing temperature thanBq.

When the yttrium is substituted in the strontium site, thepredicts, which suggests the contribution from more complex
gap energies are suppressed. Thel sample shows a states as shown in Fig. 4. The dispersion alongdhaxis
broader flat-topped peak between 6 and 13 meV and the peakows the correlation between the dimers.
intensity becomes about half of tlke=0 sample as shown in We now discuss the origin of the dimerized state observed
Fig. 8. The integrated intensity is almost the same as thén Sr,,Cu,,0,;. First, we discuss the dimerized state in the
x=0 sample. Thx=3 sample does not show any peaks butchain. We have found from the present study that the mag-
a tail which decreases with increasing energy. netic excitations have long-range correlations, 2 and 4 times
the distance between &t spins. As mentioned in Sec. Il, in
order to fulfill the requirement for stoichiometry, either some
of the Cu ions should be trivalent or holes are created at the

We have observed that spin gaps exist both in the chainxygen sites. It is believed that creating a“Cuin oxides
and the ladder. As shown in Fig. 7, the inelastic scatteringsosts larger energy than putting a hole into oxygen. A bond-
from both the chain and the ladder have similar temperaturgalence-sum calculation has shown that*Cuons (in other
dependence which may be explained by the model based amords, holes preferably exist in the chaitf One can esti-
noninteracting dimers. In ai$=1/2 noninteracting dimer mate that the number of holes in the chain is 27% of the Cu
system which has a nonmagnetic singlet ground state witions in the chain in Sf7£uU2/04007 @and 60% in
S=0 and a triplet excited state wit6=1, when the in- Sr;,Cu,40,;. Since S§,Cu,,0,; is highly insulating, the
tradimer coupling is antiferromagnetic, the energy-loss parholes are considered to be localized at oxygen sites. How-
of the neutron cross sectiow) is proportional to the popu- ever, hopping of these holes from one oxygen site to the
lation of the ground state: other is possible. This hopping mechanism will make the

V. DISCUSSION
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exchange interactions between Cuspins longer ranged. It are considered to be dilute. If we assume that there are no
is noted that Curie-type susceptibility at low temperaturesholes and that all the copper sites have spins, the concentra-
should increase considerably if the isolated®Cuions are tion of the copper spins which contribute to the interladder
produced. However, the magnetic impurity density, calcudimers in the ladders becomes25% from an estimation
lated from the Curie constant assuming“Cuas impurities, using the integrated intensity shown in Fig. 4. This concen-
is estimated to be only-1.4% ! Therefore, it is expected tration is the upper limit. The interladder dimers may be
that most of the C&" ions in the chain form dimers. formed between spins which cannot form the intraladder
If we have two neighboring Cf" spins coupled antifer- gimer. The interladder coupling constant is estimated to be
romagnetically to form a singlet, we expect to see a gap &ntiferromagnetic and have a value -ofl1 meV, which is
Lcnain=1/2. However, the observed-q dispersion curve  gimijar to that in CuGe@® This means that the ratio be-
shows a minimum akt ;,,;;=21/4 where the intensity is also a tween the interladder <11 me\) and the intraladder

maximum. This difference suggests that there is an addi; _ . . . . ;
tional doubling along the chain direction. One possible ex-( 100 meVi interactions is-0.1. This probably applies to

H H 4,16
planation for this would be the one based on the competingtzjhe coupling constarétf n Sr§0§. 2+
nearest-neighborJg) and next-nearest-neighbod,) inter- We showed Fhat . substitution for S dgcrgases the
actions model. The Hamiltonian describing the system is excPIN 9ap energies. Itis noted that the sgbst_ltL_Jtlon effec'; on
pressed as the chain is clear bu_t th_at on the ladder is d|ff|C_uIt to deflqe
because the contribution from the ladder is small in
Sri14Cu,,04;. If the decrease of the lattice constants with the
N-1 N-2 substitution affects the dimerized states, the superexchange
H=J,> S-S,1+3> S-S (3)  interaction between CU spins becomes stronger and so the
' =1 gap energy increases. This suggests that the decrease of the
holes and/or the structural distortion mainly affect the dimer-
As discussed by Tonegawa and Harddend by Zeng and ized states. The number of holes in the chain is 50% of that
Parkinsorf’ the phase modulation of the spin-spin correla-of Cu ions in the chain of SgY ;Cu,,04; and 30% in
tion functions follows a pattern{+—+--.) for J,/J;< Srq1Y 3Cu,404q. This drastic change of hole number will
05and-—++——++-.-)forJ,/J;= 0.5. Inthe latter largely change the electronic states of Cu and oxygen. The
case, they showed a broad maximum in the Fourier transjecrease of hole number probably makes the exchange
form of the spin correlation functionY(Q)) at Lcnain=1/4.  interaction between Cii spins shorter ranged and the
Then one can expect a minimum of theq dispersion curve  dimerized state becomes unstable. Then the chains in
at.Lchain=1/4. Fgrther-neighbor inter.actions and/or manysy,, 'Y ,Cu,,0,; behave like ar8=1/2 1D Heisenberg an-
spin  correlations  will  realize a  pattern tiferromagnet which has no gap in the excitation spettra.

(————++++-——-——++++..-) and give a mini- In conclusion, we have performed inelastic neutron scat-
mum of the w-q dispersion curve at chaii=1/8. Another  (aring measurements on th&=1/2 quasi-1D system

possibility to explain the magnetic excitations with |°”ger'8r14,xY Cu»041, Which has both chains and two-leg lad-
ranged correlatlons. is the following. We cpn5|de+r th.e Cas§jers of copper ions. Strong magnetic inelastic peaks, which
where the holes witf6=1/2 are coupled with & with originate from the chain, have been observed at 9—14 meV in
S_=1/2 next to them and form a nonmagnetic state. Then th%r14Cu24O4l. The spin gaps have been confirmed to origi-
dimers can be formed between spins which are separated bite from a dimerized state. The dimers are formed between
2 and 4 times the distance between the nearest-neighbor COBpins which are separated by 2 and 4 times the distance be-
per ions in the chain. In this case, theq dispersion relation  {yeen the nearest-neighbor copper ions in the chain. In ad-
will show minima at the positions which correspond 10 gition, a weaker magnetic inelastic peak around 11 meV,
Lenain=1/8 and 1/4. A puzzle remaining in the two casesyhich originates from a dimerized state in the ladder, has
mentioned above is why we do not see additional scattering|sg peen observed. The dimers are formed between the
from the chains at higher-order positions such as,earest-neighbor copper ions which are connected by the in-
Lenaii=3/4. o _ terladder chain coupling. We have also studied the effect of
Next, we discuss the dimerized state in the ladder. Asy3+ gypstitution for S#* site on the dimerized states. It has
described in Sec. Il, it is expected that the spin gap energjeen found that the yttrium substitution suppresses the gap

which originates from the intraladder coupling is above 35gnegies drastically. Possible origins of the dimerized ground
meV. In this case, because of the antiferromagnetic couplingate and the excitations are discussed.

the dispersion curve is expected to have minima(go,
Liadded WheN Liggge=(N+1)/2 or at (Hiadger 0,0 when
Hiadde=(n+1)/2 (n an integey. The former corresponds to
the dimers which are formed along theaxis and the latter
along thea axis. However, we have observed minima of the  We would like to thank G. Castilla, V. J. Emery, M. Hase,
dispersion at0,0L ,qged WhereL zqqe=2n+1 (n an integer  S. A. Kivelson, G. Tatara, and A. Zheludev for many helpful
or at (Hjaddern 0,0 where Higqe=2n+1 (n an integer.  discussions. This work was partially supported by the U.S.-
Therefore, the dimerized states, which we observed in thdapan Cooperative Program on Neutron Scattering operated
ladder, are formed between the nearest-neighbor copper ioly the U.S. Department of Energy and the Japanese Ministry
which are connected by the interladder coupling. Since thef Education, Science, Sports and Culture, by the NEDO
intensity is much weaker than that from the chain, the dimergnternational Joint Research Grant, and by a Grant from the
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